b-Cell dysfunction in diabetes results from abnormalities of insulin production, secretion, and cell number. These abnormalities may partly arise from altered developmental programming of b-cells. Foxo1 is important to maintain adult b-cells, but little is known about its role in pancreatic progenitor cells as determinants of future b-cell function. We addressed this question by generating an allelic series of somatic Foxo1 knockouts at different stages of pancreatic development in mice. Surprisingly, ablation of Foxo1 in pancreatic progenitors resulted in delayed appearance of Neurogenin3 + progenitors and their persistence into adulthood as a self-replicating pool, causing a fourfold increase of b-cell mass. Similarly, Foxo1 ablation in endocrine progenitors increased their numbers, extended their survival, and expanded b-cell mass. In contrast, ablation of Foxo1 in terminally differentiated b-cells did not increase b-cell mass nor did it affect Neurogenin3 expression. Despite the increased b-cell mass, islets from mice lacking Foxo1 in pancreatic or endocrine progenitors responded poorly to glucose, resulting in glucose intolerance. We conclude that Foxo1 integrates cues that determine developmental timing, pool size, and functional features of endocrine progenitor cells, resulting in a legacy effect on adult b-cell mass and function. Our results illustrate how developmental programming predisposes to b-cell dysfunction in adults and raise questions on the desirability of increasing b-cell mass for therapeutic purposes in type 2 diabetes.
b-Cell dysfunction in diabetes results from abnormalities of insulin production, secretion, and cell number. These abnormalities may partly arise from altered developmental programming of b-cells. Foxo1 is important to maintain adult b-cells, but little is known about its role in pancreatic progenitor cells as determinants of future b-cell function. We addressed this question by generating an allelic series of somatic Foxo1 knockouts at different stages of pancreatic development in mice. Surprisingly, ablation of Foxo1 in pancreatic progenitors resulted in delayed appearance of Neurogenin3 + progenitors and their persistence into adulthood as a self-replicating pool, causing a fourfold increase of b-cell mass. Similarly, Foxo1 ablation in endocrine progenitors increased their numbers, extended their survival, and expanded b-cell mass. In contrast, ablation of Foxo1 in terminally differentiated b-cells did not increase b-cell mass nor did it affect Neurogenin3 expression. Despite the increased b-cell mass, islets from mice lacking Foxo1 in pancreatic or endocrine progenitors responded poorly to glucose, resulting in glucose intolerance. We conclude that Foxo1 integrates cues that determine developmental timing, pool size, and functional features of endocrine progenitor cells, resulting in a legacy effect on adult b-cell mass and function. Our results illustrate how developmental programming predisposes to b-cell dysfunction in adults and raise questions on the desirability of increasing b-cell mass for therapeutic purposes in type 2 diabetes.
Environmental and nutritional cues can affect developmental programming and organ plasticity in utero, resulting in the metabolic syndrome and type 2 diabetes in adults (1) .
Examples of such gene/environment interactions include 1) low concordance rate for type 2 diabetes among identical twins, 2) increased risk of diabetes in children of mothers with diabetes, 3) fetal malnourishment as a risk factor for diabetes, and 4) limited success of adult lifestyle modifications in preventing type 2 diabetes (2). Although there are multiple explanations for these disparate observations, one unifying feature is that fetal programming of organ plasticity partly dictates adult predisposition to metabolic diseases. There is evidence that developmental cues can result in acquired abnormalities of b-cell function. For example, intrauterine growth retardation in rodents and humans results in reduced pancreas size that predisposes to diabetes (3) , and obese adolescents that were exposed to gestational diabetes in utero exhibit a fourfold higher risk than control subjects of becoming glucose intolerant or diabetic (4) .
Foxo1 integrates cell differentiation, proliferation, and response to metabolic and cellular stressors (5) . In the adult pancreas, Foxo1 expression is restricted to b-cells (6, 7) , where it modulates metabolic flexibility (i.e., the ability to switch between glucose and lipids as a source of acyl-CoA for mitochondrial oxidative phosphorylation [8] ) and enforces the b-cell fate, allowing b-cells to retain terminally differentiated features (9) . Disruption of these activities results in b-cell dysfunction (8) (9) (10) .
In contrast to the adult pancreas, Foxo1 expression in the fetal pancreas parallels that of the master regulator of pancreas specification, Pdx1 (11) . Like the latter, Foxo1 is expressed widely at embryonic day (E) 12.5-13.5 and becomes restricted to Neurogenin3 + (Neurog3 + ) endocrine progenitors at E14.5 and to b-cells at birth (7) . Here, we investigated whether Foxo1 determines the number and function of pancreatic or endocrine progenitors, using stagespecific genetic inactivation strategies. The surprising results of this investigation indicate that Foxo1 controls timing and size of the endocrine progenitor cell pool, such that embryonic Foxo1 ablation delays formation of endocrine progenitors and causes their persistence into adulthood (12) . Accordingly, b-cell mass continues to expand in mice lacking Foxo1 in endocrine progenitors, but cells do not function properly, impairing insulin secretion. The notion that Foxo1 preprograms adult b-cell mass and function has important implications for the hypothesis of fetal programming of adult b-cell function and invites caution with regard to expanding b-cell mass as a treatment for diabetes.
RESEARCH DESIGN AND METHODS

Antibodies and Immunohistochemistry
We fixed and processed tissues for immunohistochemistry as previously described (7, 9) . We used the following antibodies: rabbit primary antibodies to FoxO1, amylase and glucokinase (Santa Cruz Biotechnology), Pdx1 (gift from C. Wright, Vanderbilt University, Nashville, TN), Ki67 (Dako), H2B (Cell Signaling Technology), glucagon (Sigma-Aldrich, Phoenix Pharmaceuticals), GFP (Invitrogen), Sox9 (Chemicon); guinea pig primary antibodies to insulin (Dako), somatostatin (Chemicon), pancreatic polypeptide (Linco), GFP (Rockland Immunochemicals); goat primary antibodies to Neurog3, NeuroD1, Hnf6 (Santa Cruz Biotechnology), and Pdx1; and mouse primary antibody to cytokeratin 19 (Sigma-Aldrich). We used FITC (fluorescein isothiocyanate)-, Cy3-, and Alexa-conjugated donkey secondary antibodies (Jackson ImmunoResearch Laboratories, Molecular Probes), peroxidase staining, and DAPI for nuclear counterstaining (7, 9) . We used ApopTag Kit for TUNEL assays (Millipore) and stained nuclei with DAPI or DRAQ5 (Cell Signaling Technology). Image acquisition and morphometry were performed as previously described (7, 9) . The data are normalized to the wild type (WT) control (WT = 1).
Flow Cytometry
We digested and dissociated the pancreas as previously described (13) and incubated single cell suspensions with glucose prior to flow cytometry (14) or performed immunohistochemistry with antibodies to insulin, Neurog3, amylase, or Ki67 (13).
Physiological Studies
Neurog3-Cre, Ins-Cre, Rosa26-EGFP, Neurog3-GFP, Neurog3 GFP/+ , and Foxo1 flox/+ mice have been previously described (9, 15) . Pdx1-Cre mice were made using the XbaI-SacI 4.3 kb fragment of the Pdx1 promoter (16) . Mice were on a C57BL/6J 3 129sv background. All mice were granted free access to food and water in a 12-h light cycle facility. We performed intraperitoneal glucose tolerance tests in overnight-fasted 8-month-old male mice (17) and static incubations of collagenasepurified islets as previously described (18) . We prepared acid-ethanol extracts from adult pancreas as previously described (9) . We measured glucagon by radioimmunoassay and insulin, C-peptide, and proinsulin by ELISA (Millipore, ALPCO Diagnostics).
RNA Procedures
We applied standard techniques for mRNA isolation and quantitative PCR (qPCR) (9) . Primer sequences for Gck, Kir6.1, Sur1, Pdk1, Ucp, Pc1, Pc2, Glut2, Glut4, Neurog3, Pdx1, MafA, Nkx6.1, NeuroD1, Nkx2.2, Tubulin2, Hprt, Foxo1, Insulin1, Insulin2 (9), Sox9 (19), Hnf6 (20) , cyclin D1, cyclin D2, cyclin A2, CDK4, CDK6, p18, p21, CDK5, cyclin G1, and cyclin H (RT 2 Profiler PCR Array; Qiagen, Mississauga, ON, Canada) have been previously described (9, 15) . Tubulin2 and Hprt were used as standards. We normalized the data to WT = 1 for fold change.
Statistical Analysis
We analyzed data using Student t test and used the traditional threshold P , 0.05 to declare statistical significance.
RESULTS
Developmental Stage-Specific Pancreatic Foxo1 Knockouts
Foxo1 is a negative regulator of b-cell mass (6, 21, 22) that is expressed in pancreatic and endocrine progenitors during fetal development and becomes restricted to b-cells as the latter become terminally differentiated (7). We investigated the mechanism by which Foxo1 limits b-cell mass and asked whether it does so by controlling b-cell or endocrine progenitor cell number, i.e., pre-or post-b-cell formation. To distinguish between these two possibilities, we inactivated Foxo1 at three distinct developmental stages: 1) in pancreatic precursors (using Pdx1-Cre-mediated gene knockout) (16) , 2) in endocrine progenitors (using Neurog3-Cre) (23), and 3) in terminally differentiated b-cells (using Ins-Cre) (9) (Fig. 1A) . For each cross, we generated two independent lines and line-specific littermates carrying Cre (denoted WT) to control for locus effects and ectopic recombination (24) . Genotyping of DNA extracted from multiple organs, including collagenase-purified islets, confirmed the specificity of Cre-mediated excision (not shown).
We first compared mice with pan-pancreatic or b-cellspecific Foxo1 ablation (PKO and IKO, respectively). qRT-PCR showed that Foxo1 mRNA was reduced by ;90% in islets from PKO and ;70% in islets from IKO mice, compared with WT ( Supplementary Fig. 1A ). Conversely, Foxo3 and Foxo4 transcripts increased three-to sevenfold in PKO and IKO compared with controls ( Supplementary  Fig. 1A-C) , as seen before (9) . Indeed, triple Foxo-deficient mice generated using a similar approach phenocopy PKO mice (J.Y. Kim-Muller and D. Accili, unpublished observations). In both lines, we introduced a Rosa26-GFP allele as a marker of Cre activity to identify cells in which recombination had occurred. Immunohistochemistry demonstrated GFP reactivity in all pancreatic cell types of PKO ( Supplementary Fig. 1D ) and only in b-cells of IKO mice (9) . PKO and IKO mice had similar body weight and glucose levels as WT controls up to 8 months of age (Supplementary Fig. 1E and F). Thus, Foxo1 ablation occurred specifically and efficiently and did not result in overt metabolic abnormalities.
Altered b-Cell Mass After Foxo1 Ablation in Pancreatic Precursors
Homeostatic b-cell mass is the product of b-cell differentiation, survival, and self-renewal (25) , whereas pancreas and islet size are predetermined by the number of pancreatic precursors (26) . Therefore, the predicted outcome of Foxo1 deletion in pancreatic precursors or b-cells was that 1G ). Other endocrine cell types showed commensurate increases (not shown). Analysis by flow cytometry in mice carrying a Cre-dependent Rosa-GFP reporter confirmed increased numbers of insulin-producing (GFP + ) cells ( Fig. 1D  and E) . In contrast, b-cell and pancreas mass in IKO mice remained unchanged throughout ( Fig. 1B and C) . These findings suggest that Foxo1 regulates b-cell mass through actions that precede b-cell formation.
Interestingly, total pancreas weight in PKO mice increased by ;15% at 3 months and by 50% at 8 months ( Supplementary Fig. 1H ). Analysis of exocrine cell proliferation by flow cytometry of Ki67 + /amylase + cells and Ki67 + immunohistochemistry showed an ;15% increase in 5-month-old PKO mice that petered out by 7 months (Supplementary Fig. 1I and J).
Adult Expansion of Endocrine Progenitors in PKO Pancreas
The preservation of b-cell mass in IKO mice focused our investigations on Foxo1 action in endocrine progenitors. Pan-pancreatic precursors and endocrine progenitors develop at distinct temporal windows (27) . Neurog3
+ progenitors give rise to endocrine cells (12) . Their numbers peak at E13.5-15.5, decline after E17.5 (28) , and are exceptionally rare in the adult, except in a duct ligation model (29) . Thus, we investigated whether Foxo1 ablation in pancreatic progenitors affected generation and properties of endocrine progenitors, including their contribution to adult b-cell mass. We surveyed endocrine progenitor pool size during peak endocrine differentiation (E15.5). Surprisingly, in PKO pancreas, Neurog3 expression was hardly detectable by either qPCR or immunohistochemistry (Supplementary Fig. 2A and B) . To increase the sensitivity of detecting Neurog3 + cells, we introduced a transgene encoding GFP driven by the Neurog3 promoter in PKO mice, yet failed to find pancreatic GFP + cells at E15.5, while intestinal GFP + cells were present ( Supplementary Fig. 2B ). Endocrine lineage development appeared to stall at E15.5 in PKO, as additional coeval markers of b-cell differentiation such as NeuroD1 (30) were also undetectable (Supplementary Fig. 2B ). In contrast, we observed a 50-fold increase of Neurog3 mRNA at E17.5 that persisted into adulthood, reaching 18-fold over WT at P14 and remaining over twofold higher thereafter ( Supplementary Fig. 2A ).
These data suggest that Foxo1 ablation delays the appearance but promotes postnatal survival of endocrine progenitors. In adult animals, Neurog3 protein can be detected in hormone-producing cells using reporter genes and its function is required for endocrine maturation (31) . To detect Neurog3 + cells in adult mice, we introduced two different genetically modified alleles in PKO mice in two separate experiments: one allele encodes a Neurog3-GFP transgene (12) and the other one a Neurog3-GFP knockin (32) . We took advantage of the longer half-life of GFP than endogenous Neurog3 (up to 1-2 days) (23) Fig. 2A) and differed by the levels of green fluorescence, consistent with the identification of distinct Neurog3 hi and Neurog3 low cell populations during development (27) . We quantified Neurog3-GFP + /insulin 2 cells by flow cytometry (Fig. 2B ), using glucose-induced autofluorescence to separate them from Neurog3-GFP + /insulin + cells (14) . The latter increased their fluorescence after incubation with glucose, whereas Neurog3-GFP + /insulin 2 cells did not. The population of Neurog3-GFP + /insulin 2 cells was enriched 15-fold in the PKO pancreas (Fig. 2B) . The results from both GFP reporters were similar, confirming that there is an expanded Neurog3-GFP + pool in adult PKO mice. These data show that Foxo1 ablation in pancreatic precursors leads to delayed expansion of Neurog3 + endocrine progenitors and their persistence into adulthood.
Juxta-Ductal b-Cells in PKO Mice
b-Cells are occasionally found near pancreatic ducts. We investigated whether the ductal milieu contributes to the enlarged b-cell mass in PKO mice. In 3-month-old WT mice, juxta-ductal insulin + cells were rare, but in PKO pancreas, their frequency increased 100-fold (Supplementary Fig. 2C and D) , with other hormone + cells present at lower rates ( Supplementary Fig. 2C) (7) . Juxta-ductal insulin + cells expressed Pdx1, confirming that they are bona fide b-cells (Supplementary Fig. 2E ). We asked whether juxta-ductal insulin + cells arise from Foxo1-deleted or -undeleted cells by comparing PKO and WT mice carrying Rosa26-GFP. All surveyed juxta-ductal insulin + cells were GFP + (Supplementary Fig. 2D ). Thus, even considering the mosaicism of Pdx1-driven Rosa26-GFP expression (16), these cells should be considered descendants of Foxo1-ablated cells, indicating that juxta-ductal hormone + cells in PKO mice arise cell-autonomously (7).
A Replicative Pool of Endocrine Progenitors in Adult PKO Mice
The data above indicate that Foxo1 ablation in pancreatic progenitors increases progenitor pool size and b-cell mass. We further investigated whether increased b-cell mass was also due to altered b-cell turnover. We have previously shown that b-cell turnover is normal in IKO mice throughout life (9) . We surveyed b-cell death by TUNEL assay and found no difference between PKO and WT mice ( Supplementary Fig. 3A and B) . We assessed b-cell proliferation by immunohistochemistry or flow cytometry with the cell cycle marker Ki67. The percentage of Ki67 + /insulin + cells in PKO mice was slightly decreased at postnatal day 7 but rose at 1 month and remained elevated up to 1 year of age, a time when b-cell turnover was no longer detectable in WT mice (Fig. 3A and B) . Immunohistochemistry yielded similar data ( Fig. 3C and  D) . Next, we surveyed a panel of cell cycle genes (33) . Quantitative mRNA measurements showed modest elevations of p18, p21, CDK5, and cyclin G1 and H in PKO but not IKO islets ( Fig. 3E and Supplementary Fig. 3B ). The small extent of these mRNA changes is commensurate with the increase in b-cell proliferation rates, but neither is sufficient to account for the large increase of b-cell mass in PKO mice. We therefore tested if there was an increase in endocrine progenitor proliferation, resulting in b-cell neogenesis. Strikingly, we identified Neurog3 hi cells that were also positive for H2B, a marker of S phase cell division, and Ki67 in islets of 3-and 15-month-old PKO mice ( Fig. 3F and G) . These data indicate that Foxo1 ablation in b-cell precursors increases endocrine progenitor replication in the adult pancreas, contributing to bona fide postnatal b-cell neogenesis and providing an explanation for the lack of effects on b-cell mass in IKO mice.
Abnormal Insulin Production and Release in PKO Mice
We next investigated the function of PKO b-cells in vivo. The expectation was that PKO mice would be more glucose tolerant, owing to larger islet size. But to our surprise, 8-month-old PKO mice showed greater glucose excursions during glucose tolerance tests (Fig. 4A and C) , accompanied by impaired insulin release in response to glucose and arginine in vivo (Fig. 4B and D) . These data indicate that PKO b-cells are dysfunctional, consistent with findings that Foxo1 ablation in pancreatic progenitors exacerbates diabetes in db/db mice (10).
To determine whether PKO islet function was impaired due to cell-autonomous abnormalities of insulin secretion, we isolated islets and performed glucose-stimulated insulin secretion ex vivo. The results showed that insulin release from PKO islets was significantly reduced at 11.2 and 16.7 mmol/L glucose, as well as in response to the membrane-depolarizing agent KCl (Fig. 4E) . Consistent with these findings, serum insulin levels in the refed state fell by nearly 40%, accompanied by a 20-fold rise in proinsulin levels (Fig. 4F) . Pancreatic insulin concentration rose two-and threefold in 3-and 8-month-old PKO mice, respectively, as did glucagon concentration ( Fig. 4G and Supplementary Fig. 4A ). However, when we normalized insulin concentration by b-cell mass, we found a 40% decrease in PKO mice (Fig. 4H) , which might explain the reduced response to KCl. In contrast, IKO b-cell function appeared indistinguishable from controls at these ages (Supplementary Figure 4B-D) . The findings are suggestive of defects in insulin production, processing, and secretion in PKO mice.
Foxo1-Deficient Endocrine Progenitors Yield Defective b-Cells
The enlarged b-cell mass in PKO was accompanied by a 50% increase of pancreas weight in adult mice (Supplementary Fig. 1G ), raising the question of whether it was simply a result of increased pancreas size. Thus, we wanted to determine whether the effect of Foxo1 ablation was exerted in pancreatic or endocrine progenitors. To analyze this point, we compared endocrine progenitorspecific Foxo1 knockouts (denoted NKO) with WT and PKO mice. To rule out the potential mosaicism of Neurog3-Cre transgene expression (23), we introduced a Rosa26-GFP allele into NKO mice to verify the cell types in which recombination had occurred. Immunohistochemistry with GFP and either insulin or a cocktail of Pp, glucagon, and somatostatin antibodies showed 98% colocalization. Assuming that Rosa26-GFP is a faithful surrogate of Foxo1 deletion, NKO mice should be considered a model of endocrine cell-specific Foxo1 knockout (Supplementary Fig. 5A ).
The prediction was that if increased islet size and impaired b-cell function in PKO mice were due to an effect of Foxo1 in pancreatic progenitors, these phenotypes should not appear when inactivating Foxo1 at the endocrine progenitor stage (Fig. 1A) , whereas if they were due to effects in endocrine progenitors, NKO mice should phenocopy PKO mice. In islets isolated from 3-monthold NKO mice, Foxo1 expression decreased by 85%, confirming efficient deletion of Foxo1. Similar to PKO and IKO mice, Foxo3 and Foxo4 levels rose ( Supplementary  Fig. 5B ).
b-Cell mass increased as a function of age in NKO mice, peaking at approximately fivefold of controls at 15 months ( Fig. 5A and B) , and was ;18% larger than in agematched PKO mice (Fig. 1) , whereas NKO pancreas weight was identical to WT (Fig. 5C) . Next, we examined b-cell replication by flow cytometry. We detected a threefold increase of Ki67 + /insulin + cells in islets from 8-month-old + cells. A dashed line is used to outline the islet. F: qPCR measurements of Neurog3 mRNA from collagenase-purified islets (n = 6 each genotype). WT = 1 for fold change. *P < 0.05; **P < 0.01. AU, arbitrary units.
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Talchai and AcciliNKO mice (Fig. 5D) . Moreover, ;0.5% of insulin + cells were still replicating in 12-month-old NKO mice, compared with none in WT. In addition, we observed Ki67 + / Neurog3 + cells in 8-and 15-month-old NKO mice (Fig.  5E ). Neurog3 mRNA levels were consistently two-to threefold higher in NKO mice compared with WT, regardless of age (Fig. 5F) . Moreover, quantitative measurements of mRNAs encoding cell cycle genes showed evidence of increased cell replication, with higher transcripts of cyclin G1, cyclin H, CDK5, p18, and p21 (Supplementary Fig. 5C ).
We evaluated whether Neurog3 + progenitors were present in adult NKO pancreas, using NKO mice bearing a Neurog3-GFP reporter. Similar to PKO pancreas, GFP staining was detectable within and outside the islet, consistent with increased Neurog3 mRNA (Fig. 5F and Supplementary Fig. 5D ). This result indicates that cell-autonomous changes in endocrine progenitors caused by Foxo1 ablation during embryonic development allow them to persist in adult mice. These data support a model in which the effects of Foxo1 on adult b-cell mass and function are exerted in endocrine progenitors, rather than (or in addition to) pancreatic precursors.
Like PKO, NKO mice exhibited decreased insulin release in response to glucose and KCl ( Fig. 6A) , ;30% reduction of refed insulin levels, and 11-fold increase of proinsulin levels, compared with WT littermates (Fig. 6B) . Whereas total insulin (Fig. 6C ) and glucagon concentration ( Supplementary Fig. 6A ) were increased in NKO islets, insulin and C-peptide concentration per b-cell declined by 50% ( Fig. 6D and E) . The latter was similarly reduced in PKO mice (Fig. 6E) . Thus, Foxo1-deficient endocrine progenitors recapitulate features of PKO mice, including increased b-cell mass, altered gene expression, and reduced in vivo function.
b-Cell Markers in PKO and NKO
We compared b-cell markers in 3-month-old PKO and NKO mice by immunohistochemistry. Expression of MafA, Pc1/3, and C-peptide was reduced (Fig. 6F) . qRT-PCR of islet mRNA from 3-month-old PKO and NKO mice showed that Pdx1 and Neurog3 mRNA were three-to fivefold higher, whereas MafA was reduced by ;60-70% in both PKO and NKO ( Supplementary Fig. 6B ), consistent with findings that Foxo1 suppresses Pdx1 (6) and Neurog3 (9) but activates MafA (21) . Since Foxo1 ablation impairs Notch signaling (15, 34, 35) , and the latter is required to activate Neurog3 (36), we measured mRNA transcripts of genes required for Notch signaling and observed a 30% reduction of Hes1 in PKO and NKO islets, consistent with the increase in Neurog3 ( Supplementary  Fig. 6B and C) . We also saw increased expression of Nkx6.1 and Nkx2.2 and reduced expression of Ins2 and PC1/3 ( Supplementary Fig. 6D-F) .
Transcription factor Sox9 is expressed in pancreatic progenitors but not in adult islets (37) and becomes reactivated in human diabetic islets (38) and in diabetic mice harboring Vhl mutations (39) . Given the similarities between Sox9 gain of function and PKO mice, we asked whether Sox9 expression was altered. Indeed, immunohistochemistry showed similar numbers of Sox9 + progenitors in PKO and WT mice at E15.5 ( Supplementary Fig. 2B ) but a 10-fold increase at E17.5 ( Fig. 7A and B) , a time when Sox9 + cells become restricted to a subset of ductal cells in normal mice (Supplementary Fig. 7A ) (37) . These findings were associated with persistent expression of Hnf6 (a marker of early pancreatic progenitors, whose suppression is required for endocrine differentiation [40] ) and elevated transcripts of Hnf6 at E17.5 and postnatal day 14 ( Fig. 7C and Supplementary Fig. 7B ). Moreover, we detected Sox9 + /insulin low cells in 3-month-old PKO but not WT mice, as well as increased Sox9 mRNA in 3-and 7-month-old PKO mice (Fig. 7A and D) .
If elevated Sox9 was responsible for the phenotype of PKO mice, we would expect a similar increase in NKO mice, but Sox9 protein and mRNA levels were neither detected in islets nor increased in whole pancreas ( Supplementary Fig. 7C and D) . These data indicate that the temporal and spatial regulation of Sox9 expression during pancreatic development is altered by Foxo1 ablation in pancreatic, but not in endocrine, progenitors, raising the possibility that the exocrine effect of PKO can be accounted for by Sox9 activation, whereas regulation of endocrine mass and function is dependent on Foxo1 action in endocrine progenitors.
DISCUSSION
The key conclusion of this work is that altered Foxo1 function during pancreas development causes a legacy effect on adult organ plasticity and maturation, predisposing to b-cell dysfunction. Given the role of Foxo1 as a sensor of the nutritional and proliferative status of the diabetes.diabetesjournals.org Talchai and Accilicell (5), it could be envisioned that a nutrient-rich, hyperinsulinemic environment, by causing Foxo1 nuclear exclusion, will mimic aspects of Foxo1 ablation, potentially providing an explanation for why offspring of hyperinsulinemic or insulin-resistant mothers tend to have larger pancreata and islets (25) and progress to diabetes as adults nonetheless (4) . Another novel finding of our study pinpoints the expanded b-cell mass of PKO mice as a result of Foxo1 action in endocrine progenitors, rather than b-cells proper. Thus, it appears that during pancreatogenesis, Foxo1 inhibits differentiation and expansion of pancreatic and endocrine progenitors, allowing them to mature (7) . The delayed differentiation of Foxo1-deficient pancreatic precursors allows the pancreas to retain cells with progenitor-like features and maintain its developmental plasticity into adulthood. PKO pancreata show sustained and ectopic Sox9 expression, consistent with the role of insulin receptor (41) and Akt (42) in the generation of Sox9 + progenitors. We should emphasize that Foxo1 regulation of progenitor cell number is both Sox9 dependent and independent. Ablation of early Sox9
+ precursors results in pancreatic hypoplasia, and early Sox9 + cells give rise to Neurog3 + progenitors (43) . However, while increasing the number of Foxo1-deficient Sox9 + progenitors increased exocrine mass, reduced numbers of Sox9 + cells fail to affect pancreas size (37) .
Foxo1 activation sets timing of endocrine progenitor cell formation and determines their number. FOXO1 knockdown by siRNA increased NEUROG3 + cell number in human fetal pancreatic epithelium (44) . The results in PKO mice do not allow us to establish whether Foxo1 controls Neurog3 + endocrine progenitors directly or indirectly (28) . The expansion of Neurog3 + progenitors into adulthood in Foxo1 knockouts, independent of exocrine or ductal plasticity, phenocopies the developmental stage-specific effects of Notch inhibition during endocrine differentiation (36) . These data indicate that there is a specific temporal window during which these signaling pathways play a role in lineage determination.
Transgenic gain of function of Foxo1 in pancreatic progenitors causes exocrine hypoplasia (7) . Consistent with these data, we show that Foxo1 ablation increases exocrine mass. In the transition from pancreatic progenitor replication to differentiation, other temporal regulators include Wnt and Notch. Wnt is required to expand pancreatic epithelial progenitors: gain of b-catenin function induces exocrine hyperplasia, without affecting endocrine cell formation (45, 46) . Notch activation allows pancreatic and endocrine progenitors to survive, but Notch inhibition blocks both exocrine and endocrine differentiation (36) . Based on extensive data (44), we can integrate the findings into a general theory of Foxo function in the endocrine pancreas. The three isoforms play overlapping and redundant roles (8) . During embryogenesis, Foxos suppress differentiation, similar to their roles in other cell types. In terminally differentiated b-cells, Foxos act as transcriptional sensors of nutrient and hormone signaling; Foxos are to b-cell transcription what glucokinase is to insulin secretion. In response to an altered metabolic environment, Foxos translocate to the nucleus and activate the Hnf4/Hnf1a networks, while suppressing nuclear receptors Ppara and g (8) . If the metabolic stress persists, Foxos are degraded via deacetylation, possibly caused by altered NAD-to-NADH ratios (21) . The loss of Foxo function impairs the b-cell's ability to sense glucose and activates lipid oxidation, resulting in impaired mitochondrial function and reduced insulin secretion. b-Cells lose their terminally differentiated features and revert to a "progenitor-like" state, possibly as an escape mechanism to prevent death. Thus, Foxos belong to a core network of b-cell transcription factors whose function is necessary to maintain "functional" b-cell mass (47, 48) . Our report highlights that b-cell mass per se is not sufficient to preserve physiologic insulin secretion and prevent the development of diabetes.
